Leptin infusion and testosterone administration. For peripheral (subcutaneous) infusion, a micro-osmotic pump (DURECT Corp., Cupertino, California, USA) was implanted in the interscapular region. The pump delivered recombinant human leptin (a gift from F. Chehab, University of California, San Francisco) at 250 ng/h for 14 days. This dose restores a normal plasma leptin level in mice with leptin deficiency resulting from lipodystrophy (10) . For central (intracerebroventricular) infusion, a cannula (Brain Infusion Kit II, DURECT Corp.) was attached to the implanted micro-osmotic pump, and the needle was inserted 0.5 mm caudal and 1 mm lateral to the bregma (11) . Leptin (10 ng/h) was infused for 14 days. This infusion rate does not affect plasma leptin concentrations (9) . Testosterone propionate (Sigma Chemical Co., St. Louis, Missouri, USA) was dissolved in vegetable oil and injected subcutaneously.
In situ hybridization. In situ hybridization was performed as described (12) . Briefly, skin sections from wild-type mice were deparaffinized and fixed in 4% paraformaldehyde. After proteinase K digestion, the sections were hybridized at 55°C for 12 hours with 35 S-labeled antisense or sense DGAT1 RNA probes. The sections were washed for 20 minutes in 2× SSC, 10 mM β-mercaptoethanol, and 1 mM EDTA, treated with RNase A (20 µg/ml), and washed at high stringency (0.1× SSC, 10 mM β-mercaptoethanol, and 1 mM EDTA) for 2 hours at 60°C. The sections were dehydrated, dipped in photographic emulsion NTB 2 (Eastman Kodak Co. Scientific Imaging Systems, Rochester, New York, USA), and stored at 4°C. After 8 weeks of exposure, the sections were developed and counterstained with hematoxylin and eosin.
Histology. Skin samples were fixed overnight in buffered formalin and embedded in paraffin. Sections were stained with hematoxylin and eosin.
Extraction and analysis of fur lipids. Hair lipids were extracted as described (13) . Briefly, about 150 mg of fur was clipped from the back of the mouse and treated twice with 20 ml of acetone for 15 minutes. Lipid extracts were filtered, dried under N 2 , and resuspended in chloroform. Samples (150 µg of the dried lipids) were loaded on a TLC plate (Silica Gel 60; Sigma-Aldrich, St. Louis, Missouri, USA) and resolved with hexane/ethyl ether/acetic acid (80:20:1 vol/vol/vol) or hexane/benzene (55:45 vol/vol). The latter system allowed a better separation of nonpolar lipids. For transesterification, the lipid was scraped from the TLC plate, incubated with methanolic acid/toluene (4:1 vol/vol) at 37°C for 12 hours, and extracted twice with hexane (1.5 ml). For visualization of lipids, the TLC plate was either exposed to iodine vapor or sprayed with cupric sulfate (3%)/phosphoric acid (8%) and charred at 150°C for color development. For 1,2-diol staining, the plate was sprayed with 1% lead tetraacetate (dissolved in benzene), followed by 0.05% pararosaniline (dissolved in acetic acid/acetone, 1:9 vol/vol) (14) .
Real-time PCR. Skin was homogenized, and total RNA was extracted (RNA STAT; Tel-Test Inc., Friendswood, Texas, USA). Primer and probe sequences (actin forward primer: 5′-CATCTTGGCCTCACTGTCCA-3′, reverse primer: 5′-GGGCCGGACTCATCGTACT-3′, probe: 5′-CTTCCAGCA-GATGTGGATCAGCAAGC-3′; DGAT2 forward primer: 5′-AGTGGCAATGCTATCATCATCGT-3′, reverse primer: 5′-AAGGAATAAGTGGGAACCCAGATCA-3′, probe: 5′-CCTGG-CAAGAACGCAGTCACCCTG-3′) were selected with Primer Express software (Perkin-Elmer Applied Biosystems, Foster City, California, USA). RNA (1 µg) was reverse-transcribed in a 20-µl reaction containing oligo (dT) [12] [13] [14] [15] [16] [17] [18] primer and Superscript II enzyme (Invitrogen Corp., Carlsbad, California, USA). Each PCR (50 µl) contained 1 µl of cDNA, 1× gold buffer II, 4 mM MgCl 2 , 500 µM dNTP, primers (200 nM), 100 nM probe (labeled with 6-carboxyfluorescein), and 1.25 U AmpliTaq Gold DNA polymerase (Perkin-Elmer Applied Biosystems). Realtime PCR was performed and analyzed with the ABI Prism 7700 Sequence Detection System (Perkin-Elmer Applied Biosystems). Relative expression levels were calculated by the comparative C T (cycle of threshold detection) method as outlined in the manufacturer's technical bulletin; β-actin expression was used as control.
Statistical analysis. Data are expressed as mean ± SD. Differences in weight and temperature curves were compared by ANOVA followed by the Tukey-Kramer test, as appropriate.
Results
Fur abnormalities and impaired water repulsion in Dgat -/-mice. Dgat -/-mice had normal fur appearance at weaning. After puberty (age 6-8 weeks), however, the fur of Dgat -/-mice appeared drier and displayed a less prominent sheen than that of Dgat +/+ mice ( Figure 1a ). Hair loss also occurred thereafter (Figure 1a) , beginning on the dorsal surface of the neck and proceeding caudally. Hair loss was more prominent in male mice than in female mice. Heterozygous (Dgat +/-) mice appeared normal.
Because of their fur abnormalities, we tested the ability of Dgat -/-mice to repel water and maintain normal body temperature when wet. Five minutes after water immersion, Dgat -/-mice appeared wetter than Dgat +/+ mice, which were nearly dry ( Figure 1b) . The delayed drying in Dgat -/-mice resulted from increased water absorption during water immersion ( Figure 1c) . Dgat -/-mice became lethargic and exhibited little grooming behavior after water immersion, most likely because of hypothermia, which persisted for more than 60 minutes ( Figure  1d ). The decreased grooming probably also contributed to their delayed drying. Dry Dgat -/-mice had no thermoregulatory defects. They had core body temperatures comparable to those of Dgat +/+ mice, both at room temperature (∼20°C) and during prolonged cold exposure (24 hours at 4°C, not shown).
Fur abnormalities in DGAT1-deficient A Y /a but not ob/ob mice. In a separate study to examine the metabolic effects of DGAT1 deficiency, we had introduced 
Figure 4
Age modulates the effect of DGAT1 deficiency on sebaceous gland morphology. (a and b) In 6-week-old male mice, the sebaceous glands (SG) and hair follicles (HF) appeared to be normal, regardless of Dgat genotype. (c and d) In 3-month-old male mice, DGAT1 deficiency was associated with atrophic sebaceous glands; for most hair follicles, sebaceous glands were not identifiable. Bar, 30 µm.
Sebaceous gland atrophy in Dgat -/-mice. To investigate the function of DGAT1 in the skin, we examined DGAT1 expression by in situ hybridization, which revealed high DGAT1 mRNA levels in the sebaceous glands ( Figure 3 ). We therefore examined sebaceous gland morphology in Dgat -/-mice. The sebaceous glands and hair follicles of young (6-week-old) Dgat -/-mice appeared normal (Figure 4, a and b) . In contrast, the skin of older (3-month-old) Dgat -/-mice had atrophic sebaceous glands on both the ventral and the dorsal surfaces ( Abnormal fur lipids in Dgat -/-mice. We analyzed the effects of DGAT1 deficiency on the composition of fur lipids, which are produced by sebaceous glands (15) . In both Dgat +/+ and Dgat -/-mice, the fur lipids contained sterol esters, free cholesterol, and triglycerides. In addition, the fur of adult Dgat +/+ mice contained several lipids that were lacking in the fur of adult Dgat -/-mice (Figure 6a) . The most prominent of these missing lipids was slightly more polar than sterol esters. After transesterification, this lipid yielded two products -one migrated similarly to a fatty acid methyl ester standard, and the other contained a 1,2-diol group (not shown). Based on this result, as well as the migration and quantity of the lipid on TLC, it is most likely a type II wax diester, the most abundant component in murine fur lipids (16) . This difference in fur lipid content was agedependent: it was less striking in younger (6-week-old) mice (Figure 6b , lanes 1 and 2) and more pronounced in adult (3-month-old) mice (Figure 6b, lanes 3 and 4) . (Figure 6b, lanes 9-12) . Two weeks after the withdrawal of leptin, the fur of Dgat -/-ob/ob mice contained this lipid again (Figure 6b, lanes 13 and 14) .
Effects of androgens on fur lipids in Dgat -/-mice. Because the effects of DGAT1 deficiency on the skin were most noticeable in postpubertal male mice, we investigated the role of androgens in mediating these effects. Because ob/ob mice have a defective hypothalamic-pituitarygonadal axis, they do not undergo puberty and have decreased serum testosterone levels (17) . This lack of normal testosterone production may ameliorate the effects of DGAT1 deficiency in ob/ob mice. To test this hypothesis, we injected both Dgat +/+ ob/ob and Dgat -/-ob/ob male mice with a replacement dose of testosterone (5 µg/g body weight/day) and assessed its effects on fur lipid content. Two weeks of testosterone treatment did not eliminate the presence of wax diesters in the fur of Dgat -/-ob/ob mice ( Figure 7, lanes 1-4) . Testosterone replacement also did not cause atrophy of sebaceous glands in these mice (not shown).
To further explore whether androgens mediated the effects of DGAT1 deficiency in the skin, we castrated postpubertal Dgat -/-male mice. Castration did not restore the normal production of fur lipids in Dgat -/-
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The male mice; rather, it completely eliminated the presence of wax diesters in their fur ( Figure 7 , lanes 5 and 6). Castration also did not reverse the atrophy of sebaceous glands in these mice (not shown).
Upregulation of DGAT2 expression in the skin of DGAT1-deficient ob/ob mice.
One possible mechanism by which the skin of Dgat -/-ob/ob mice was largely protected from the effects of DGAT1 deficiency could be a compensatory increase in the expression of another DGAT enzyme. We therefore measured the mRNA expression of the recently identified DGAT2 (4) to determine whether its expression was increased in the skin of Dgat -/-ob/ob mice. In wild-type mice, DGAT2 mRNA was expressed highly in the skin (not shown). DGAT2 expression was not increased in Dgat -/-mice and in fact was lower than in Dgat +/+ mice (Figure 8a ). However, leptin-deficient Dgat -/-and Dgat +/+ mice had similarly increased levels of DGAT2 expression (Figure 8a ). Leptin deficiency, therefore, was associated with a greater upregulation of DGAT2 in the skin of Dgat -/-mice than in that of Dgat +/+ mice (Figure 8b ).
Discussion
Here we report the effects of DGAT1 deficiency on skin and fur of mice. Dgat -/-mice developed dry fur and hair loss after puberty. In addition, they exhibited impaired water repulsion and hypothermia after water immersion. Our results suggest that DGAT1 deficiency affected the development of sebaceous glands, resulting in defective production of fur lipids, in particular type II wax diesters. This defect subsequently caused the morphological and functional changes observed in the fur of Dgat -/-mice. The hair loss, water repulsion, and sebaceous gland abnormalities were nearly absent in Dgat -/-mice with leptin deficiency, indicating a newly identified role for leptin in hair and sebaceous gland biology.
Sebaceous glands are lipid-producing structures associated with hair follicles. These holocrine glands secrete lipids (sebum) that coat the hair, and in furry mammals these lipids have been hypothesized to play an important role in water repulsion and thermoregulation (15) . Sebaceous lipids include wax esters, wax diesters, sterol esters, squalene, and triglycerides, but the proportions of these lipids vary significantly among different species (18) . For example, triglycerides are a major component of human sebum. In contrast, mouse sebum contains relatively small amounts of triglycerides but is rich in type II wax diesters, which are thought to be important for water repulsion (15, 18) . The importance of sebaceous glands and sebum is demonstrated by melanocortin-5 receptor-deficient mice, which have defective sebaceous glands that do not produce normal sebum. Consequently, they retain more water in their fur after water immersion and cannot maintain normal body temperature when wet (13) .
Our observations suggest that the fur of Dgat -/-mice lacked type II wax diesters, a major component of murine sebum, most likely because of sebaceous gland atrophy. An alternative explanation is that DGAT1 catalyzed the synthesis of wax diesters and that DGAT1 deficiency resulted in their absence. However, because the fur of Dgat -/-mice lacked several additional minor lipids, it seems unlikely that all of these were products of the DGAT1 reaction. How DGAT1 deficiency causes sebaceous gland atrophy is unknown. DGAT1-mediated triglyceride synthesis may be essential for normal sebaceous gland development in mice, even though relatively small amounts of triglycerides are secreted in mouse sebum. Another possibility is that DGAT1 deficiency may alter the concentration of reaction substrates (e.g., diacylglycerols, FFAs), which could then interfere with sebaceous gland development, possibly by modulating signaling pathways.
DGAT1 deficiency had minimal effects on fur and sebaceous glands in ob/ob mice. Additionally, infusing leptin either peripherally or centrally into ob/ob mice with DGAT1 deficiency temporarily resulted in impaired water repulsion, deficiency of the fur lipid, and sebaceous gland atrophy. Leptin-treated Dgat -/-ob/ob mice, however, were relatively insusceptible to hypothermia after water immersion, most likely because of their thick layer of subcutaneous fat. We also found that ob/ob mice had hypertrophic sebaceous glands. These results point to an unexpected role for leptin in modulating sebaceous gland development and sebum production.
Little is known about the effects of leptin on sebaceous gland biology. Leptin, a peptide hormone secreted by adipocytes, reduces food intake, enhances energy expenditure, and increases insulin sensitivity through its hypothalamic receptors (19) . However, functional leptin receptors are also expressed outside the CNS (20, 21) , and recent studies suggest that leptin exerts direct effects in peripheral tissues (22, 23) , including the skin (24) . Leptin, therefore, could modulate sebaceous gland biology either directly in the periphery or through pathways involving the hypothalamus. To investigate these possibilities, we infused leptin either peripherally or centrally (the latter performed with a dose of leptin that does not affect peripheral leptin concentrations). Interestingly, peripheral and central administration of leptin had similar effects on sebaceous gland histology and fur lipid production. These results suggest that the effects of leptin on sebaceous glands can be mediated entirely through the hypothalamus. To our knowledge, this is the first demonstration of a connection between the hypothalamic leptin pathway and structures in the skin.
Figure 9
A model of how DGAT enzymes, leptin, and androgens modulate sebaceous gland biology. Our data suggest the existence of at least two pathways involved in maintaining normal morphology and functioning of sebaceous glands. (a) One of these pathways (presumably the major pathway) requires DGAT1, whereas the other pathway (the alternative pathway) may require DGAT2. Androgens stimulate the activity of both pathways, whereas leptin downregulates the activity of the alternative pathway. (b) In DGAT1 deficiency, only the alternative pathway is functional, resulting in sebaceous gland atrophy and decreased production of wax diesters. (c) With leptin deficiency, the activity of the alternative pathway is upregulated to levels comparable to those of the major pathway, leading to sebaceous gland hypertrophy and increased fur lipid production. The neural pathways that mediate the central effects of leptin on peripheral tissues are mostly unknown (25) , although the sympathetic nervous system may be an important mediator (26) . One plausible interpretation of our results is that leptin, by activating an efferent pathway such as the sympathetic nervous system, suppresses the expression of another DGAT enzyme in the skin. The absence of leptin would then permit the upregulation of the second DGAT, thereby causing sebaceous gland hypertrophy in Dgat +/+ ob/ob mice and preventing sebaceous gland atrophy in Dgat -/-ob/ob mice. Indeed, DGAT2 was upregulated to similar levels in Dgat +/+ and Dgat -/-mice with leptin deficiency. It is possible that this upregulation may compensate for the loss of DGAT1. Additional studies will be needed to further elucidate the regulation of DGAT2 expression by leptin.
Because the fur and sebaceous gland abnormalities associated with DGAT1 deficiency were most obvious in postpubertal male mice, androgens may have a role in mediating the effects of DGAT1 deficiency on the skin. For example, one possible explanation for the relatively normal skin findings in Dgat -/-ob/ob mice is that they have low levels of testosterone. However, injecting these mice with replacement doses of testosterone did not result in sebaceous gland atrophy or abnormal fur lipid production. These results suggest that the hypogonadal state of Dgat -/-ob/ob mice was unlikely to be a protective factor against the effects of DGAT1 deficiency. Creating a hypogonadal state in postpubertal Dgat -/-male mice by castration also did not reverse their sebaceous gland atrophy or abnormal fur lipid production. In fact, castration completely eliminated the presence of type II wax diesters on the fur of Dgat -/-male mice. These findings are consistent with previous observations that androgens promote sebaceous gland development and sebum production (27, 28) . These results also suggest that the effects of DGAT1 deficiency on sebaceous glands are not mediated through androgens and do not require normal androgen production.
In summary, our findings identify new roles for DGAT1 and leptin in skin biology. A potential model of how DGAT1 deficiency and leptin affect sebaceous gland biology is shown in Figure 9 . An enhanced understanding of the functions of molecules such as DGAT1 and leptin in sebaceous glands and hair follicles may provide insights into dermatological conditions involving the sebaceous gland and hair, such as acne vulgaris and alopecia.
